A 5-month-old Japanese black bull calf and twenty-seven 1-27-day-old calves exhibiting neurological signs between August and October 1998 were examined. The bull calf exhibited rapid breathing, fever, hypersensitivity, and ataxia and was euthanized 4 days after the onset of symptoms. The 27 calves primarily exhibited ataxia, and 15 had arthrogryposis. Histological examination of the bull calf revealed perivascular infiltraction by mononuclear cells, diffuse to multifocal gliosis, and neuronal necrosis in the brain and spinal cord. Multiple malacic foci were found in the midbrain in 5 cases. In contrast, in the 15 calves necropsied in October, there were fewer inflammatory changes, but there was neuronal cell loss in the ventral horn and a decrease in myelinated axons in the lateral and ventral funiculi. Immunohistochemical examination using a rabbit antiserum against Akabane virus strain OBE-1 revealed a large amount of viral antigen in the degenerating neurons and glial cells of the bull calf, mainly in the spinal gray matter. Small amounts of viral antigen in swollen axons and a few glial cells were found in 5 of 27 calves. Thirteen of the 27 calves had high neutralization antibody titers against the Akabane virus, whereas there was no significant antibody titer in most of the calves necropsied during August. The present srudy revealed that viral antigen detection was very useful for the diagnosis of Akabane diseases in the 5-month-old bull calf that was suspected to be infected postnatally, while it had limited usefulness in the other young calves.
Akabane disease caused by Akabane virus, an arthopod-borne Bunyavirus, is a major cause of congenital abnormalities in cattle in Japan, especially in southern regions. 3, 8, 10, 12, 13 Sporadic outbreaks of this disease have also been recorded in other countries such as Australia, Taiwan, and Israel. 1, 4, 6, 22, 24, 25 The pathogenesis of this viral infection has been well demonstrated in both spontaneous and experimental cases. 3, 9, 10, 14, 21 Pregnant cattle infected with the Akabane virus by vectors develop transient viremia without apparent clinical signs; the virus spreads hematogenously to the fetus. Early gestation infection results in abortion, and middle to late gestation infection produces congenital arthrogryposis-hydranencephaly syndrome (AHS) of newborn calves. Late gestation infection may cause lymphohistiocytic encephalomyelitis in calves without AHS. 3, 10 Although encephalitis resulting from Akabane infection is thought to be unusual in cattle after birth, there are a few reports of this condition caused by a highly virulent strain of the virus, the Iriki strain, in Japan and Taiwan. 15, 16 These reports indicate that the Akabane virus may have the ability to cause severe lymphohistiocytic encephalitis in cattle following horizontal, rather than vertical, transmission.
Since severe outbreaks of congenital abnormalities in calves due to Akabane, Aino, or Chuzan (Kasba) viruses, which cause similar pathological changes in affected calves, occur continuously in Japan, 5, 7, 10, 23 specific diagnosis is very important. Diagnosis is usually based on macroscopic lesions, serology using neutralization antibody assay, and viral isolation. In most cases in spontaneously affected calves except for freshly aborted fetuses, the detection of viral antigens in the brain or skeletal muscle fails, presumably due to the rapid clearance of these viruses by neutralizing antibody. Therefore, immunohistochemical detection of viral antigens is believed to be of limited utility in the diagnosis of these diseases.
A severe outbreak of congenital abnormalities in calves occurred during July 1998 in most areas of Japan, and a close association of Akabane virus infection is suspected, based on pathological and serological data from several laboratories (unpublished data). In this study, a 5-month-old bull calf and 27 calves, ranging from 1 to 27 days old, all of which were necropsied between August and October 1998, were examined. The usefulness of immunohistochemical detection of viral antigens for the diagnosis of Akabane disease is discussed in the present paper.
Materials and methods
Animals. A 5-mo-old bull calf developed rapid breathing, fever (40.5 C), hypersensitivity, and ataxia on August 3, Histology. Tissue samples were fixed with 10% formalin and embedded in paraffin. Brain sections 6 m thick were stained with hematoxylin and eosin (HE) and Luxol-fast blue (LFB)-HE for routine histology. Brain samples were taken from the cerebral cortex, thalamus, hippocampus, midbrain, pons, medulla oblongata, cerebellum, and spinal cord (C1-C3). Muscular tissues were taken from the biceps muscles of arm and thigh. Tissue samples beside nervous and muscular tissues were taken from the lung, heart, liver, kidney, adrenal gland, thyroid gland, and small intestines.
Antibodies and lectin. For the detection of Akabane viral antigens, a rabbit antiserum against the Akabane virus, OBE-1 strain (1:100), produced by Dr. T. Tsuda, National Institute of Animal Health, was used. The specific reaction for Akabane virus antigen was confirmed by immunohistochemistry with brain sections from guinea pigs experimentally infected with Akabane virus OBE-1 strain. Other primary antibodies were a rabbit antiserum against human GFAP (prediluted) a and mouse monoclonal antibodies against human neurofilament (NF, 1:20). a To visualize microglia, paraffin sections were stained with biotinylated lectin Ricinus communis agglutinin-1 (RCA-1, 1:400). b As negative controls, normal rabbit serum (1:100) and mouse serum (1:100) were used.
Immunohistochemistry and lectin histochemistry. The immunohistochemistry was performed by the Envision polymer method a using a dextran polymer reagent conjugated with peroxidase and goat antisera against rabbit and mouse immunoglobulins. The lectin staining was done using the avidin-biotin peroxidase complex method. c The reaction products were visualized by 3.3Ј-diaminobenzidine (DAB). d Neutralizing antibody assay. Precolostral sera and/or pleural effusion fluid (cases 3 and 5 in Table 1 ) were collected from the 27 calves with congenital abnormalities at necropsy. After centrifugation at 3,000 rpm, the supernatant was stored at Ϫ20 C until use. A viral neutralization test was performed for each of the Aino (JaNAr28 strain), Akabane (JaGar39 strain), and Chuzan (K-47 strain) viruses. The neutralization antibody titers represented the highest dilution rate of examined sera that inhibited a cytopathic effect for the cultured cells, i.e., 1:2 n ϭ x2 n .
Results
Histopathology. The 5-month-old bull calf had severe lymphohistiocytic meningoencephalomyelitis characterized by perivascular infiltration of mononuclear cells, diffuse to multifocal gliosis, and neuronal necrosis. The severity and distribution of the brain lesions are represented in Table 1 . In the cerebral and cerebellar cortices, there were scattered glial nodules consisting of microglia ( Fig. 1 ) and mild submeningeal and perivascular infiltrates of mononuclear cells. In the white matter, very mild diffuse gliosis was observed. The thalamus, midbrain, pons, and medulla oblongata were more severely affected than the cerebrum and cerebellum. In these areas, there was severe diffuse gliosis consisting of both astrocytes and microglia, neuronal necrosis, sometimes accompanied by neuronophagia with microglia, and spheroids composed of degenerating swollen axons (Fig. 2) . In all regions, the spinal cord was severely affected by the inflammatory changes, with marked gliosis, perivascular cuffing by mononuclear cells, and neuronal necrosis in the bilateral ventral horns (Fig. 3) . In organs outside the central nervous system, there were no significant lesions. Of the 12 calves necropsied in August 1998, 9 had very severe lymphohistiocytic meningoencephalomyelitis located mainly in the brain stem and spinal cord. The lesions were very similar to those observed in the bull, but in 5 calves, multiple malacic foci with aggregates of macrophages were observed in the midbrain (Fig. 4 ). In the ventral horn gray matter of the spinal cord, there was severe diffuse gliosis, neuronal necrosis, and perivascular cuffing by mononuclear cells. In the spinal cord white matter, there was mild to moderate gliosis, sometimes accompanied by moderate perivascular infiltration by mononuclear cells. Histologic lesions in these calves are represented in Table 1 .
In the 15 calves necropsied in October 1998, the lymphohistiocytic inflammatory changes were markedly decreased in severity compared with the calves necropsied in August. Conversely, moderate to severe neuronal cell loss in the ventral horns and a diffuse decrease of axons and myelin sheaths in the lateral and ventral funiculi were found in the spinal cords of 10 calves. Double staining for LFB and GFAP-immunohistochemistry revealed a marked decrease of myelin sheaths and diffuse astrogliosis in the ventral and lateral funiculi of these calves (Fig. 5 ). In the remaining 5 calves, 3 had very mild lymphocytic encephalomyelitis and 2 had no apparent histologic lesions in the brains (Table 3 ). Histological lesions of skeletal muscle were found in almost all cases and were characterized by severe diffuse atrophic or dysplastic muscles (Fig. 6 ). In the muscles, most myofibers were small in size and there was diffuse mucinous change in the stromal connective tissues. Mild infiltration of small number of histiocytes and neutrophils was found occasionally around blood vessels. Histological lesions in these calves are summarized in Table 3 .
Viral antigen detection. Immunostaining for Akabane virus in the bull calf successfully revealed viral antigen in the brain. Antigen colocalized with the brain lesions and was most often detected in the spinal gray matter ( Table 2 ). In the cerebrum and cerebellum, a small number of Akabane-positive glial cells were found within glial nodules in the gray matter and areas of diffuse gliosis in the white matter. In the midbrain, pons, and medulla, a few granular deposits of viral antigen in degenerating swollen axons and Akabanepositive glial cells were observed in the severely affected area. In the spinal cord, where the greatest amount of viral antigen was detected ( Fig. 7) , many granular antigen deposits were seen in degenerating neurons and axons, mainly in the ventral horns. In the spinal gray and white matter, a significant number of glial cells positive for Akabane virus were also present ( Fig. 8) .
Among the 27 calves examined, viral antigen was detectable in only 5 cases; all these calves were necropsied during August and had severe inflammatory lesions (Tables 1, 3 ). The number of antigen-positive cells was very small compared with that found in the bull. In these calves, a few granular antigen deposits were detected in degenerating axons in the midbrain and spinal cord; a few Akabane-positive glial cells were also within the lesions. No viral antigens were detected in brains or skeletal muscles of calves necropsied in October.
Neutralizing antibody assay. Results of the neutralizing antibody assay for the Akabane and Aino viruses are represented in Tables 1 and 3 . Serological examinations of the 12 calves necropsied during August showed that 10 calves had no significant antibody titers (less than 1:16) for both the Akabane and Aino viruses. The 2 remaining calves had a markedly high antibody titer for the Akabane virus (over 1:256). In contrast, out of the 15 calves necropsied during October, 11 had high antibody titers (greater than 1:128) for the Akabane virus. Four of the calves also had a high antibody titer for the Aino virus. None of the cases had a significant antibody for the Chuzan virus.
Discussion
The pathological, immunohistochemical, and serological findings for the 27 calves indicate that the outbreak of congenital abnormalities in Japanese calves in 1998 was probably caused by an Akabane virus infection. The histological lesions observed in 27 calves are consistent with previous reports of Akabane disease. 3, 10 In addition, significantly high neutralizing antibody titers for the Akabane virus in 13 calves and the presence of lesional Akabane viral antigens in 5 calves strongly support the interpretation. The pathological changes of Akabane disease in calves are closely related to the age at which the fetus is infected. Severe lymphohistiocytic encephalitis without marked gross abnormality, as was found in the calves necropsied during August, has been demonstrated to develop in calves infected late in gestation. 3, 10 Since the spread of the virus among cattle is mediated by the biting midge Culicoides oxystoma in Japan 11 or Culicoides brevitarsis in Australia, 2,17 the infection occurs mainly in the summer season when these vectors become active. Thus, the spread of the Akabane virus, which caused the severe outbreak of this disease in 1998, is also thought to have started in the summer season (July-August) in the southern part of Japan. Further- more, since 4 calves also had significantly high titers for Aino virus, it was possible that these cases were infected with both Akabane and Aino viruses in the same period.
The lesions in the 5-month-old bull calf examined here are of some interest and are likely caused by Akabane infection. The bull calf did not show any abnormalities during the 5 months after birth and then suddenly developed clinical signs. The distribution pattern and histological characteristics of lymphohistiocytic encephalomyelitis in this case were very similar to those of calves necropsied during the same period. Although the neutralizing antibody analysis for the Akabane virus was not performed in the bull calf, a large number of viral antigen-positive cells were de-tected in the brain lesions, especially in the spinal cord. All these findings provide preliminary evidence for postnatally acquired infection with Akabane virus as the cause of severe lymphohistiocytic encephalitis. Further investigations, including antibody assay and viral isolation, were required. Akabane virus infection in mature cattle usually results in transient viremia without any clinical signs. 3 However, a highly virulent Iriki strain of the Akabane virus has been demonstrated to have the potential to cause severe lymphohistiocytic encephalitis in cattle by postnatal infection. 16 Miyazato et al. 16 first described the pathogenicity of the Iriki isolate (strain 526CE) in 10 spontaneously infected cattle, ranging between 3 days and 16 months of age, and in 2 calves experimentally infected by in- 
tracerebral inoculation of the virus. The brain lesions caused by the virus were similar to those in the bull calf in this study, but detection of viral antigens within lesions was not attempted. Since viral isolation was not attempted in this study, it is difficult to determine whether the bull calf was infected with a similarly highly virulent strain of Akabane virus. However, findings in the present study indicate that Akabane virus should be considered a potential cause of lymphohistiocytic encephalitis cases of cattle outside the neonatal period. As the spread of the Akabane virus has been confirmed in several countries, similar bovine central nervous disease may occur in other areas of the world. The detection of viral antigens is considered to be of limited significance in the diagnosis of spontaneous Akabane disease and other related bovine disorders, such as Aino or Chuzan (Kasba) diseases, although it has been partly successful in experimental infections of these agents in bovine fetuses, sheep, and suckling mice. [18] [19] [20] 25 Detection of Akabane viral antigens failed in most cases of the 27 calves with congenital abnormalities. Neutralizing antibody analysis appeared to be more useful in the diagnosis of Akabane disease, especially in the calves necropsied during October. In this study, very small amounts of antigen were found in only 5 cases, all of which had severe lymphohistiocytic encephalitis and were necropsied in August. Interestingly, a significant increase in the neutralizing antibody titer for the Akabane virus was not found in these cases nor in other calves with severe encephalitis. Since severe encephalitis in these calves is thought to appear during the acute to subacute phase of the infection, an adequate amount of neutralizing antibody had likely not yet been produced at the time of sacri-fice of these cases. Even early in the course of infection, immunohistochemistry for Akabane virus antigen was of limited utility due to the small amount of detectable antigen. More sensitive methods, such as in situ mRNA detection of the virus using RT-PCR amplification, are needed. As described previously, antigen detection is of little value in the subacute to chronic phase of Akabane infection, as observed in the calves necropsied in October. In contrast, large amounts of antigen were detected in the spinal cord in the 5-month-old bull calf, the majority of which was located in the degenerating neuronal cells and its processes within the spinal ventral horns, suggesting a high affinity of the Akabane virus to the motor neurons. It is difficult to completely explain why so much antigen was present in the brain lesions of the bull calf in contrast with those of the calves examined. Part of the explanation may be that immediate sacrifice of the bull 4 days after the onset of clinical symptoms permitted us to observe a very acute and progressive phase of Akabane infection in the brain before there was significant clearance of the virus. Miyazato et al. 16 reported that 2 calves inoculated intracerebrally with the Iriki strain of the Akabane virus had transient viremia 2 days after injection, followed by severe clinical signs between days 4 and 7. Severe nervous signs appeared between days 9 and 11 after inoculation; brain lesions of the experimental cattle were consistent with those of spontaneously infected cattle. 16 The authors successfully isolated the virus from the brains, but the neutralizing antibody was not detected in either of the experimental cattle. 16 These findings partly support the hypothesis and indicate that serological analysis is of limited significance at this stage of Akabane disease. Thus, both viral isolation and the detection of viral antigens seem to be more useful in severe encephalitis due to postnatal Akabane virus infection in cattle after birth. Since immunohistochemical detection of Akabane viral antigens can be performed on paraffin-embedded sections, analysis may be more convenient and applicable in retrospective studies, especially on bovine lymphohistiocytic encephalomyelitis of unknown origin. To confirm how useful this would be, the collection of such cases from Japan and other countries has been started.
